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Abstract Nanomanipulation, using an Atomic Force Microscope (AFM), is one of the new emerging
approaches to manufacturing in nanoscale. Wide spread applications of nano-rods and lack of real time
imaging in nanotechnology cause the necessity of process modelling. This article presents a new dynamic
model for flexible nanorods on elastic substrate. Thismodel presents a nine step strategy to pushnanorods,
considering three basic nanoforces; van der Waals, friction and contact force for quantitative analysis of
effective parameters. Dynamic analysis of nanorod pushing, considering depression on elastic substrate,
indention between the tip-nanorod and deflection along a straight path, is presented. Using a beam on
elastic substrate assumption, the complete model up to now for nanorod manipulation is obtained. This
model is verified by available (theoretical and experimental) results. A polystyrene nanorod is simulated,
and the snap in/pull out distances, critical force and time, maximum deflection and safety factor of the
process are obtained. Also it is determined that the dynamic mode of micro and nanorods is different.
Despite the rollingmode being dominant inmicro rodmanipulation, the slidingmode is observed to be the
dominant dynamic mode in the pushing of nanorods. Our model can be used in the mechanical behaviour
of nanorods.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
The Atomic Force Microscope (AFM) is one of the most pow-
erful tools for manipulation and assembly in nanoscale. Using
the AFM, various types of process, such as pulling/pushing, in-
denting, touching, picking/placing etc., can be done accurately.
These capabilities are important for manufacturing miniatur-
ized devices, especially in electronic and optical device fabri-
cation.
Since 1986, when Binnig et al. invented the AFM [1], much
research work has been carried out in this new emerging
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Open access under CC BY-NC-ND license.field. Junno et al. manipulated 30 nm radius particles under
environmental conditions using the AFM [2], and Schater
and Reifenberger manipulated gold nanoparticles by this
method [3]. Various types of other nanoparticles, such as
CNTs [4], nanorods [5] and biological molecules, like DNA [6],
have been manipulated accurately. The nanorod is one of the
most important nanostructures. Hsieh et al. [7] imaged and
manipulated individual Au nanorods. They showed that the
mechanical movement of rods depends on the location of the
pushing point along the rod. Also Yu et al. [8] used line optical
tweezers to manipulate and assemble one-dimensional (1-D)
CuO nanorods. Wei et al. [9] manipulated high aspect ratio gold
nanorods (between 6–22) with an AFM.
At this scale, there are many challenges due to limitations
in the applied force and visual sensing capabilities, and also
because of the unknown physical phenomena involved. A tool
used to help in the understanding of manipulation experiments
is modeling. Calculations have been carried out to investigate
atomic manipulation by the AFM [10], as well as the pushing of
nanospheres [11] and nanorods [5]. Quantitative comparisons
of numerical results with experimental data are difficult
because of the many unknown parameters involved in the
calculations. However, qualitative comparisons may still be
quite instructive [5].
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and Hashimoto [12] presented a 2-D dynamic model for the
assembly of sphericalmicro/nanoparticles. Based on thismodel,
Tafazzoli made a model to describe the dynamic modes of
nanoparticle motion during manipulation [13]. Furthermore,
a Molecular Dynamic (MD) was used in the positioning of
spherical nanoclusters [14]. Like sphere particles, different
models have been presented for cylinder shaped nanoparticles.
Falvo et al. modelled Carbon Nano Tubes (CNTs) as an
Euler–Bernoulli beam, but they approximated the contact
force between the CNT and substrate at about 10% of normal
force [4]. In another work, they approximated the bending
of an individual Tobacco Mosaic Virus (TMV) as a second
degree polynomial [15]. Lianqing et al. pushed CNTs, applying
the rigid particle assumption. In their model, the CNT moved
on an electrode, without deformation [16]. Also Tranvouez
et al. approximated the Au nanorod as an equivalent spherical
nanoparticle [5]. Wu et al. manipulated different diameters
of CNTs by the cantilever tip of the AFM, to investigate
motion properties. They used the Euler–Bernoulli theory to
model the flexible behavior of nano materials on a structured
surface [17]. Their model used one-dimensional manipulation
and ignored depression through substrate. Recently, Gnecco
et al. [18] presented a model that can be used for pushing
rigid nanorods in a favorite direction and orientation. Also, the
authors studied aspect ratio and dimension effects on nanorod
manipulation [19].
Here, in this article, a comprehensive dynamic model has
been presented to describe the behavior of nanorods and
other cylinder shaped nanoparticles during movement. Unlike
previous work, depression through the substrate is modeled as
a beam on an elastic foundation, and deflection along the path
is obtained by considering the elastic properties of the nanorod
and the substrate.
First, a general description of modeling approaches is
provided, and the dynamic model of the article is introduced
comprehensively. Then the manipulation process strategy is
presented. This strategy consists of nine steps for use in the
process control. Expected results of the pushing process are
presented, respectively.
The modeling section, based on AFM, extracts interaction
forces (van der Waals, adhesion, friction) and displacements
(indention, depression and deflection) during strategy steps.
In this section, considering van der Waals and adhesion
forces, the snap in/pull out distances are obtained. Also
using kinematic and kinetic relations between cantilever-
probe–particle-substrate, critical pushing forces on nanorods
are derived. Two important issues, with crucial effects on the
accuracy of the model, are discussed. These issues are nanorod
behaviour on the elastic substrate and deflection along the
moving direction. The model is then verified via comparison
with available experimental and theoretical results. Finally, for
a specific polystyrene nanorod, several simulations pertaining
to the pushing force and the dynamic modes of motion,
indentions and depressions during motion, and deflection and
damage detection along the path, are described. Also results of
simulations are discussed and future work is introduced.
2. Effective parameters of nanomanipulation
The physical configuration of a nanorodmanipulation, using
the AFM, is shown in Figure 1. The particle is stationary at the
beginning, but as the pushing force overcomes resistance forces
at the critical time, the particle moves to reach the desiredFigure 1: AFM tip moves the nanorod on the substrate.
position on a defined path and trajectory. In the manipulation
process by the AFM, there are five effective components, each
having different parameters (Table 1). Here, a new 2-D model
is proposed for pushing elastic nanorods on an elastic solid
substrate, in a straight path, with constant velocity, using the
rectangular cantilever of AFM in contact mode.
3. Nanomanipulation strategy
The manipulation process cannot be observed in real time.
During the pushing of objects, imaging is not possible, because
imaging and manipulation tools are the same. As a solution,
surface and targeted particles could be imaged before and
after manipulation. Using the obtained images, the relative
position of particles to the basic reference point can be
determined [20]. Due to lack of real time images, using force
feedback data during the process for proper manipulation is
crucial. The manipulation strategy for pushing nanorods is
shown in Figure 2. Using a suitable model during the steps of
the strategy, force feedback data can be calculated accurately.
In this problem, both the substrate and the nanorod are
stationary at the beginning. Then, the probe moves down to
approach the substrate (Auto Parking). The van der Waals force
increases until the snap in instability point. At this point, the
tip jumps to the substrate (this phenomenon can be detected
using photodiode data), then the tip starts to move upward.
Deflection in the cantilever increases until the pulling force
overcomes the attraction force. According to the adhesion force
between the tip and the substrate, the retraction force is more
than the attraction force. Next, the tip moves to reach the
desired particle horizontally. Also the van der Waals force
between the tip and the particle increases until snap to the
particle. Then, the substrate motion follows and the pushing
force on the particle increases.
The tip may cross the particle and the process fails. To
ensure the desired contact, a small normal preload, Fz0, is
exerted by providing the normal deflection offset, ZP0, on the
AFM probe. Then, the substrate moves at constant velocity,
the particle sticks to that and moves with the substrate. The
lateral motion of the particle assists in increasing the pushing
force, FT . Finally, the pushing force reaches the critical force
required to overcome the adhesion forces between the particle
and the substrate. Particle motion with the substrate stops
when the particle has reached the desired position. At this time,
depending on the dynamic mode diagram of the particle, the
suggested behavior will be expected by the particle. The probe
moves upward and goes to the initial reference position when
the process is completed (Figure 2).
During manipulation, the pushing force causes deflection
along the path. Based on particle-substrate properties and
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General factors 1 2 3 4
Manipulation task Push/pull Pick/place Cutting Bending/buckling
AFM specification Contact/non-contact/tapping mode Wet/dry environment Cantilever/gripper Rectangular/V shaped cantilever
Particle Sphere/rod/tube Dimensions Rigid/elastic Metallic/biologic
Substrate Smooth/rough Rigid/elastic Metallic/biologic Solid/fluid
Process dynamics Dominant forces 2-D/3-D Straight/curved path Constant velocity/accelerationFigure 2: Nanomanipulation strategy using the AFM. (a) Auto parking; (b) snap in substrate; (c) pull out substrate; (d) approach to nanorod; (e) snap in nanorod;
(f) offset in Z-direction; (g) pushing; (h) pull out nanorod; (i) going to reference point.Figure 3: Three expected results. (a) Rigid nanorod; (b) flexible nanorod; and
(c) soft nanorod.
pushing force, three different deflection results are expected
(Figure 3). Rigid particles can be moved without considerable
deflection; flexible particles can be moved with considerable
deflection, but soft particlesmay be damagedwhen the pushing
force exceeds yield criteria.
4. Modeling based on AFM
The AFM nanorobot has a cantilever as a manipulator. This
cantilever probe consists of a connected conical tip. The AFM
is modelled as a linear spring to account for normal deflection
in the z direction (Kz), and a torsional spring (Kθ ) to record
the lateral twisting of the probe. Spring coefficients of the
springs [21] are functions of the geometry and the mechanical
properties of the AFM probe (Relation 1).
Kz = Ewt
3
4L3
, Kθ = Ewt
3
6L(1+ υ) , (1)
where L, w and t are the length, width and thickness of the
cantilever. E and v are Young’s modulus and Poisson ratio of
the probe, respectively. The spring force/moment is the linear
product of the spring constant and deflection/twisting. Spring
force and moment (Fz,Mθ ), shear force (Fv), normal (FZ ) and
lateral tip force (FY ), and tip pushing force (FT ) are depicted
during the lateral movement of the particle in the AFM tip free
body diagram (Figure 4).Figure 4: Free body diagram of the AFM tip and corresponding parameters.
Since the nanomanipulation task is implemented by the very
front part of the tip, which is very small compared with the
whole probe tip body, the forces applied on the tip can be
viewed as applied on the tip apex [12].
4.1. Toward the nanorod
The van der Waals force between the cantilever tip and the
flat surface is as:
f1(h) = −AHRt6h2 , (2)
where AH , Rt and h are Hamaker constant (about 10−19), tip
radius and distance between the tip and substrate, respectively.
The minus sign indicates attractive force and the plus sign
indicates repulsive force [22]. When the tip approaches the
substrate, it reaches a region of mechanical instability where
the force gradient of the potential exceeds the spring constant
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df (h)wdv
dh
= KZ . (3)
At this instability, the probe will jump into contact with the
surface, with a characteristic ‘‘snap-in’’ distance, ds as:
ds =

AHRt
3KZ
1/3
. (4)
Snap in substrate phenomena can be detected using photodiode
data [22]. Using the Johnson–Kendall–Roberts (JKR)model [13],
the adhesion force (Fadh) and the surface energy (Wadh) are
related as:
Fadh = −32πRtWadh. (5)
Then the probe moves upward until the spring force is equal to
the pull out adhesion force (Relation 6).
f2(h) = −32πRtWadh = −KZZP . (6)
Now the probe approaches the nanorod horizontally. The van
der Waals force between the tip and the nanorod increases
when the distance decreases [21]. This force and snap in point
are obtained in Relations 7 and 8.
f3(h) = − AHR
1/2
pt
8
√
2h5/2
, Rpt = RpRtRp + Rt , (7)
ds =

5AHR
1/2
pt
16
√
2HKθ
 2
7
, (8)
where P and T correspond to particle and tip; H and Rpt are the
tip height and equivalent radius between the probe and the tip.
4.2. Rolling/sliding critical force
The positioning stage is moved with a constant velocity.
Assuming this velocity to be small, the quasi-static assumption
can be considered valid,

dy2T
dt2
= 0

[13,21]. According to
the increase in the lateral pushing force and the contact
deformation, frictional force grows and reaches its critical value.
Relations 9 and 10 indicate sliding and rolling conditions on the
substrate [21].
Fs > µssFs + SssAs, (9)
(fs + ft) Rp > (Ms +Mt) ,
where
Mt = µtrFt + StrAt , (10)
where s and r correspond to sliding and rolling; where f andM
are friction force and moment; As, At are contact deformation
through the substrate and particle, µss and µtr are the friction
coefficients, and Sss, Str are the shear strengths of the surfaces
in contact with sliding and rolling, respectively. Critical forces
for sliding/rolling the particle are derived in Relations 11
and 12 [21].
F∗s−Sliding =
SssAs
sinψ − µss cosψ , (11)
F∗s−Rolling =
Ssr(As + At)
Rp(sinψ + cos ζ )− µsr(sin ζ − cosψ), (12)
ζ = ψ − ϕ − π
2
, (13)Figure 5: Free-body-diagram of nanorod and corresponding parameters.
whereψ and ϕ are pushing force angle and tip-particle contact
angle. As clear in Relations 11 and 12, the critical rolling/sliding
force is decoupled with the friction and adhesion parameters.
4.3. Nanorod on elastic substrate
Common approaches to modelling a cylindrical elastic
system are Euler–Bernoulli and Timoshenko beam theories
[4,15,17,23]. In the present study, the manipulation process
considers the nanorod as an Euler–Bernoulli beam on elastic
substrate (Figure 5). The Euler–Bernoulli equation for a quasi-
static process is:
Er I
∂4y
∂x4
= −Ksy, (14)
where y, Ks, Er and I are the deflection in a plane perpendicular
to the substrate, the elastic constant of the substrate-nanorod
interface, the nanorod modulus of elasticity and the moment
of inertia. Boundary conditions can be defined as the pushing
force at the center of the nanorod and the finiteness of nanorod
length. So boundary conditions in the finite beam are:
x →± L
2
⇒ M = Er I d
2y
dx2
= 0
x = 0⇒ Θ = dy
dx
= 0
x → 0+ ⇒ V = −Er I d
3y
dx3
= −P
2
(15)
where L,Θ, P, V andM are length of nanorod, deflection angle,
normal pushing force, shear force andmoment. Using definition
β = 4

Ks
4Er I
and a = P
8Er Iβ3
, the exact solution will be [24]:
y = 2ae
β(L−x)
1− e2βL
− 1+ eβL cosβx+ (1− eβL) sinβx
+ 2ae
βx
1− e2βL
− 1+ eβL cosβx+ (1− eβL) sinβx . (16)
4.4. Deflection along straight-line paths
A mechanical model of an elastic nanorod under pushing
force is illustrated in Figure 6 schematically. In this figure, A and
B are the ends of the sample, and T is the push point. Unlike the
prior work, resistance force (q) changes along the length of the
nanorod as the friction and adhesion force. The resistance force
in each section can be obtained as:
q(x) = µF + ScA(x)
L
, (17)
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Geometrical parameters Mechanical properties
L (µm) W (µm) t (µm) H (µm) Rt (nm) E (GPa) υ G (GPa) ρ (kg/m3)
225 48 1 12 20 169 0.27 66.54 2330Table 3: Tribological parameters between nanorod/substrate [21].
Friction coefficient Shear strength
µs µr (nm) Ss (MPa) Sr (Pa.m)
0.8 80 28 28
Figure 6: Free-body-diagram of nanorod along path.
where µ, Sc and A are friction coefficient, critical shear stress
and the contact deformation area. In each instance, using
the nanorod on the elastic substrate model, the contact area
calculates and adds to Relation 17. According to the contact
area along the length, this relation improves the accuracy of the
model. So deflection along the length can be obtained as [24]:
U = −q(x)x
2
24EI

4Lx+ x2 + 6L2 , − L
2
< x < 0
U = +q(x)x
2
24EI

4Lx− x2 − 6L2 , 0 < x < L
2
.
(18)
5. Simulations
The aim of this section is the simulation of nanorods and
the study of its behavior during motion. Critical force, critical
time, maximum deflection and safety factor are some of the
most important parameters of the process. The Si AFM probe
is used to simulate the nanorod. Geometrical and mechanical
properties of the probe are summarized in Table 2 [21].
Due to few available experiments with complete quantitative
parameters of materials, Ref. [21] is selected for simulation. In
this reference, complete parameters for polystyrene particles
are presented. Polystyrene is a hard and solid polymer with
specified tribological properties (Table 3) [21]. Recently, Dong
and Mao [25] have reported the synthesis and characterization
of polystyrene nanorods. After 3 h reaction time, they produced
nanorods with length= 1 µm and width= 60–85 nm [25].
Polystyrene nanoparticles are pushed on a transparent
glass slide (ITO glass) substrate using the Si AFM probe. ThisFigure 7: Critical force and contact area comparison in different polystyrene
rods and spheres.
model is verified using available theoretical and experimental
results. Then a polystyrene nanorod is pushed to study
the process. In this simulation, polystyrene nanorods with
diameter Rp = 85 nm and different lengths are pushed
on the ITO glass substrate that moves with 5 nm/s constant
velocity. Contact mechanics and tribological parameters can be
obtained experimentally for the different materials in contact
(Table 3). The constant friction coefficients for static and
dynamic movement of the nanoparticle on the substrate are
µs = 0.8 and µd = 0.7, respectively. Shear strength is
assumed to be constant on both contact surfaces between
the particle/substrate and the tip/substrate. Surface energy
between the nanorod and the tip/substrate is ω = 0.1 J/m2,
and the contact angle is φ = 45 [21].
6. Model validation
This model should be validated using available theoretical
and experimental results. As mentioned in the introduction,
Sitti and Tafazolli presented a model to study dynamic modes
of movement [21]. A 5 µm radius polystyrene micro sphere
is pushed on the ITO glass substrate using the AFM [21]. Also
the pushing force has a linear relationship with the contact
area [26]. Here, based on the Sitti and Tafazolli model [21], the
contact area and critical pushing force for sphereswith different
radii are obtained. Using the presented model for nanorods,
the contact area and critical pushing force are calculated for
rods with different radii and length too (Figure 7). As shown in
Figure 7, in each rodwhen the contact area is equal to the sphere
contact area, the pushing force for them is approximately the
same. For example, a polystyrene micro rod with 5 µm radius
and 2.5 µm length has the same pushing force as a 5 µm
radius polystyrenemicro sphere. For better study ofmovement,
these particles pushed on the ITO glass substrate (Figure 8). As
shown in Figure 8, the polystyrene rod and sphere aremoved in
the lateral direction after 9.3 s. The critical rolling force of the
sphere particle is 3.10 µN [21].
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Figure 9: Height and time during approach/retract to the surface.
7. Results and discussions
As mentioned in the modeling section, based on AFM,
the manipulation process modeling is presented, considering
various forces and nano-scale features. A polystyrene nanorod
with 85 nm diameter and 1 µm length is selected to push on
the ITO glass substrate.
Initially, the tip has a 50 nm distance from the nanorod in
both vertical and longitudinal directions. Since the stage moves
with a constant velocity (5 nm/s), the probe moves down to
reach 1.5 nm in height (instability region) after 9.7 s (Figure 9).
In this region, the probe snaps in the substrate. The jump to
the surface can be detected using registered photodiode data.
Then the cantilever moves up to overcome the adhesion forces.
The probe motion will continue to reach 16 nm in height (pull
out). Then, the cantilever moves up 73 nm after 11.4 s to create
a proper contact angle. After that, it moves 90 nm after 9 s to
contact with the desired nanorod, horizontally. The tip jumps
to the particle when the tip-particle distance reaches 10 nm.
The probe is in contact with the nanorod, and the necessary
conditions for pushing are provided.
The cantilever may pass over the nanorod and lose it during
the pushing process. To prevent unpredicted effects and to
ensure the desired contact angle of 45°, an initial offset in a Z
direction should be considered. Here, 50 nm have been applied
to the model. As shown in Figure 10, the initial pushing force
is larger than the critical sliding force on the tip. The substrate
motion increases the pushing force to reach the critical slidingFigure 10: Critical force to sliding the polystyrene nanorod on the ITO glass
substrate.
Figure 11: The polystyrene nanorod and stage motion of the AFM.
force. At critical time (0.17 s), critical force (about 27.8 nN)
overcomes critical adhesion and friction forces. The nanorod
is stationary up to critical time. In the critical time, it begins
sliding on the substrate (Figure 11). Unlike micro particles, for
the nanorods, the sliding is in dominant dynamic mode.
During the process, there is deflection, depression and
indention between the tip, nanorod and substrate (Figures 12
and 13). Indention between tip-particle reaches 1.6 nm and
maximum depression is about 0.035 nm (Figure 12). Also
maximum deflection in the critical time is about 75 nm
(Figure 13). As Figures 12 and 13 show, deflection is the most
important and considerable deformation during the process.
Here, based on von Mises yield criteria, the particle damage
condition is checked in each instance. The operation may fail
when the safety factor is less than one. Shear force andmoment
variation along the length are used to calculate the safety factor
in critical time. Using common elastic relations [24], the safety
factor for this process is estimated at about 1.01, which shows
the safe pushing process of the nanorod to a desired position.
Then, the nanorod is moved 100 nm over 20 s to reach the
defined position (Figure 14). The complete nanorod pushing
procedure consists of the initial position, maximum deflection
of the nanorod at critical time, nanorodmotion in each instance,
and the final desired position, respectively (Figure 13). This
process takes about 50 s, totally.
814 M. Moradi et al. / Scientia Iranica, Transactions F: Nanotechnology 18 (2011) 808–815Figure 12: Depression along length of the polystyrene nanorod at the critical
time.
Figure 13: Maximum deflection of the polystyrene nanorod at critical time.
Figure 14: The polystyrene nanorod pushing procedure to a desired position.
8. Conclusion
This paper presents a new nanorod manipulation model,
considering many effective features on the process. The
presented model includes several important capabilities, such
as using a suitable process strategy for pushing the nanorod,
interaction force analysis during the process in each instance
(adhesion, friction and van der Waals forces); the beam on
elastic foundation model to accurately calculate the depression
and deflection of the nanorod; and the safety factor and damage
detection of the nanorod during the process.
The simulations show that the sliding mode occurs for
the nanorod and nanoparticles, while for microrods and
microparticles, rolling is the dominant mode. Depression
through the substrate is a nonlinear phenomenon and depends
on the elastic properties of the particle and substrate. For this
example, (polystyrene on ITO glass) depression is less than
deflection during motion. However, yield criteria, maximum
shear and deflection should be checked for the nanorod,
especially long nanorods. Maximum deflection in critical time
causes an unpredicted position for nanorods, but the presented
model can be led to an accurate position prediction.Development of this model, such as using a capillary force
for biological samples, leads to use of the model in medical
applications and nano–bio systems. However, this model can
be used for the accurate prediction of nanorod manipulation,
automation of nano assembly and nano manufacturing.
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